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gas gcr}c:ratw {ItJsm),  su~tl ttlal “rIIass tlLl{!rll(!r]lzllic)rl”
twc:arllo ailc~ttlcr rlarlle fc)r ttlis ccIrIc(:~Jt. Oltmr rc]ckct
(c]rrll)arli(:s  alsc) c:c]rdrit.mteci  Ic) tlIc fi&ll (rllc)st rlcjtat]ly,
Nc)rtltrc]~]  C:arcdirta  aIIcl “1 ttic>kcd),3 aIId III(! wc)rk r:clrllilm](:c~ ir]to
ttlc early 198(X;. Orm versic]rl c)f Itm cc)rlcefd has {Ic]wrl, arlci
ttlc larg(:st  solid rcwkel rllcitclr testocl i n  ttlis way cc]rllairmci
tlt]C]llt !1[][) kgf of  [)rO/JC!l[EJrlt  ([:~c:lldhl{] tll~ lrljctc;t{;rlt).

Irltercsl  irl ttm flLlicl-cc~rllrol cc]rlc:cl)l  fCII laLlrlc;tl vcllicles
t)C:g{t[t  iri ttw rrlicl-1980s. “1 tw ici(:a was tc> use: Scmle c)f ttw
Iiquici Ilyclrcqerl al)cmrci a vclli(lo Iikc III(: sIIac(: slwttlc  tcI
~]rc]vidc ?i rllc]cl(!st ttlrc)ttlirlg  ca~]zit~ility  tci ttm Iar{]o sc)lici rocket
I,c,c)slr:rs, ~Ljt,sc;ale tests  (7 kg fuc~~mllz~ril) wc:rc cc,rlclL]ctoc~
aI tll~ A i r  [ orcc Astrorlautics  1 al)clratclly (rlc]w 111(: f’llilli~ls
1 almratclry).4

‘ 1  tw currerlt  versic>rl c)f ttm cormc~]t, ~)rc]~lclscd  t]y
Acrc]j(:t fc)r futLlrc slluttlc-ty~jc!  laLlrlcll volliclcs,  cclrwists c]f a
gcis fl(:rlort;tc)r-ty~lc; solicl prc~pcllartt  augrrloltteci  !)y lic]LIici
c)xy{lcrl,:’ t  lc)wcvc:r,  ttm ~]rc]pc~scc~ c{esigll i s  rlc]t lIIC rllc~re
cclrlvcrllic~r~al  irljcction  intcl ttm fc]rwtirci Crlci clf ttw sc]licl
rric]lor. }iat}mr,  tttc: low terrt~wralurc gas gerwrator  gasc:s  are
pilm(l tc) tli~]rc]~)ellarlt  irljcctc]rs arlcl thcrl irljCrXCci, tc){!cttler
wittl ttw  clxy{lerl, irltc) ?ift-(?rlcl  Iicluicf rc)ckct-ty~w  thrust
ctlarrlbers.  A  spmial irtjectclr clcsigrt~  irlc:c}r~)c]ratcs  a vaivo  tc)
rllotcr Itm flow of ttm tlc]t gas(:s tcl rrldirltaill cclrlstarlt  rllixture
ratic~ wittl ttm c~xygerl. 1  Ilrust terrllirlaticlrl is acllievccl t]y
o~ierlirlg ttie Vlalvt: to clc:l}ressurizo ttw {/6s gormratc}t w}iilo
stlllttirlg  c~ff ttlo c~xy{]en flc~w.

It is nc~t Clc:ar that arl aft-irljc:cticln  S(:tlcrrle is rlecessary
to rllairltair)  c(mltlLlstic~rl effic:icrwy ar)ci rllixturc  ratic). ‘ 1  I]c
Cc)rmcrrl at>cml of ficierlcy  Canlo frc)rrl ox~wrierlce w i t h  pLlro
Ilytlricls, wtloro  scmle ty~m c)f rrlixirlg crltlarlcctllerlt  aft  c)f tlm
sc]licl fuel  grairli prov~ci to ho tmcossary.  1 lclwovt; r, ttm fluicl -
cclrdfc)llcc{  scdid prc~pellant operates by a diffcrerlt  Ccmibustiorl
rlloctlanisrll  ard clc)~s rlclt r e q u i r e  ttw  sarllc ty~m clf rrtixirlg,
~ c)cktmccl  tf2S1.OC~ a SCriC!S C}f [I kg lllCJtCWS  LISirl{? CtdCJrirlG
trifluoricl~  as tlm irljccdarlt ttlrc~ugh a sirlll~l[: twacl-crlc~  irljcc:tor.
[ vcrl at ttlis scalol  tllr2 nleasurccl  s~mcifi(  irrl~mllso efficiormics
were irl ttm 90s07 WhilC ttm nft-injocdic)rl cc)rlccflt  is a chwr



way ICI maintairl  constant rllixture ratio, i t  is rlc)t witlloLlt
~]rc)t]lenls  of il.s own ar]cl tlw adclc!cl cc)rll~licxitics rIIay rlc~t tm
recluircc{.

‘1 Ilo [mlr~lc)se c)f ttlis pallcr i s  10 CValLIFltC! ttlc
c)~mrzrtiorlal ctlaractcristics  clf bc]t}l  fclrwarci-  irijectic)n ami aft-
irljectic]rl vcrsicjrls. Irlitial resLllts frc]rll a Iahclratory-scatc slat}
cc]rlltmstor, cc)rnhirling an Aerojct  gas gcrloratc]r  iwolmllant
fc)rtlll]laliorl  wittl  gascc)us c)xygcrl, will also I]o preserltcd.

1  he fluic~-cc~rltrclllccl sc~lici Ccjrlcepts  are illustratacl
sctwtltatically  in 1 i{]. 1 .  Arl acivarltago  c)f tlw aft-irljocticm
cc]rlcc~lt is  tt]at ttle sc~lici rllcjtc)r  o~mrat(:s a t  a  rlluctt lc)wer
t~rnperature,  at.mut 1400°K,  ccml~larcx~  to tcrlllwratures  ca.
3500C’K.  Will] afl-irljccticm,  ttw Iligll  l(:rll~wtaturo  i s  Iirilitccl
to tllo aft thrLl:st  Chanlt.mrs wtlictl  are rq!erlc:rativc:ly  ccmlcc{ by
llIe clxy~lerl flow.

f c)r eitlwr  Conmpt, igr]itiorl Carl be accc)ril~)listwcl by a
~~yrc]g~rl  charge  or a  biprcqmllarlt  igr]itero Wiltl fc)rwarc{-
irljcxticm, ttlrc}ttlitlg  ancl cxtirlgLlishrl  lc:rd arc actlicvccl  witl] the
Iiquici c:ontrcd valve. I or ttlis zift-irlj(:ctiorl  cc]rlc~i~t, ttmy
rf2c~Lrirc a Ccmrciirlateci effort  between t r o t h  Iicluid ami g a s
g~r]eralc)r  ccmtrc]l  ValVe S. [ xtirlguisllrllctlt  rcs(llts frcml
cio[)ressllriztitiorl  of ttm solici nlc)tc)r  tc) ttm crlvircmlwntal
pressute,  below  the cieflagration  limit of tlm prc~pcllant.

I’erforrnarme  i s illustratcci l.Iy ttle curve of
Cllaractcristic  velocity  v s .  flL]ici/scdici ratio,  stlc)wrl irl F ig. 2,
7 Ile peak  s;wcific;  inipulso is c:cm}parable  to a pure Ilytwids arlci
is actlioveci at a nluch  Ic)wer fluic!/scdici  ratic~, whictl  o f f e r s
packagirlgl acivarltages. E vcrl tllcwgtl  tlmre  is rrlcmc wei(]ht  of
sc>lici plc)pcllarll  fclr a Qiverl total  irnpLllsc, i ts  Ili{lher cicrlsity
and inlprovcd  vcdurnetric lcmciirl~ result irl a  reci Lmtic)n of
ahc]ut  4C)% in ttle sizo c~f ttm solid rllotor ttlat woLJici km
rleccieci fc)r ttm puro Ilyhrid. 1 tm arrlcmrlt c]f Iicluici clxygcrl
rCc~Llired is reducad  by about  1 /3, bccaL]sC clf tile l o w e r
flLiici/soiid r a t i o .  1  tws ttm fluid- ccmtroll[:ci scllici [Irc]pulsicm
system  is corwid~ratdy  sniallot  in sizo ttltirl an ecl Llivalent pure
tlyt)rici.

Analysis  of [ orward-  lrljectic]rl

!’rinci~de c)f Opcraticm

‘ I he tmic prirlciple  of operaticm c}f tt~e fluici-cc)rltrc) iled
sc)lici rllotcw is illustrateci  irl F i{]. 3. 1 tmre is a differord  nuanc~
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with the aft-injection concept, which  will be cov~rcd later
Ljnder its heading. Figure 3 contairls plots of solid propellant
mass influx ‘vs. pressure wittl pressure exponcmt  as a
~]aramctcr, and total (solid PIUS liquid) mass efflux  through
the nc)zzle. Mass flux is mass flow rate per unit of burn
surface area. [quilibriurn  pressure is achieved where total
mass influx equals total efflux.  1 hc mass influx lines were
drawn tc] converge at the selected design point pressure, to
show the parametric effect of pressure exponerlt. [t is
obscrvecl  that the liquid injection serves to make up the mass
influx c{cficiency from the solid alone, to achieve tile  design
pressure for that value of Kn corresponding to the mass efflux
line. 1 he proccdurc  is to select  a fluic~/solid ratio for that
design pressure, 0.5 in this case, and that determines the
value of K. required. Mathematically,

&f + p,A~r = gPA,/c’ (1)

and with the standard burning rate law, Eq. (1 ) can be
written as:

F / S  -1 1 = gF)O(P/PO)l’”/(c  *p~rOK,,)

which becomes, at the reference (design) point:

(?)

(F/S)O -I 1 = gPo/(co*fl,roKrJ (3)

1 his equation is illustrated by the exaniple  of Fig. 4. The
required K,, is shown as a function of the selected  fluid/solid
ratio, using Fig. 2 and the other properties of a reference gas
generator propellant, for a pressure of 6.2 MPa (tho nominal
initial pressure of the SRM scdid rocket booster),

If on-command shut-down is required, an additional
cc)nsidcration  enters  into thcr design procedure.

It is recognized that pressure exporwnt  is not a
constant over a wide pressure range. There often is an
increase in exponent at low pressures and as the low
pressure deflagration  limit is approached. 1 his is represented
in Fig. 3 by a shi f t  to  an exponant  of 1 below  c e r t a i n
pressures, and doflagration  limits are also represented,
}Iigher  exponent propellants tend to exhibit conlbustion  limits
at higher pressures, t h e  nlechanism  being m o r e  l i k e  a
minimum burn rate to satisfy a stable energy balance in tho
combustion zcme.

It is observed from Fig. 3 that higher exponents and
higher pressure deflagration limits are desirablo  properties for
this concept. If the exponent is too low, the solid will be
able to sustain a lower equilibrium pressule  all by itself when
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the liquid is shut off. This is depicted by the solution with n
= 0,4. 1 he way around this would be to either increase the
F/S ratio at the design point, requiring a smaller Kn, or to
reduce the clesign pressure for the same F/S ratio, also
requiring a smaller K.. Both changes are probably
undesirable, but the aim is to achieve a Kn value small enough
to enable the mass efflux  line to clear the bulge in the mass
influx line so that the pressure can fall all the way down to
ambient. With n = 0.7, this desired result is barely achieved
from the design condition. With n =- 1, this result is easily
achieved, and a lower F/S ratio could be selected if desired.
For a constant exponent less than 1, an equation for the low
pressure solution (for the solid alone) can be derived as:

(F/S)O + 1  =  (po/p,)’””c,*  /co’ (4)

which accounts for the difference in c* between fluid control
and the solid ialone. But the graphical solution procedure (Fig.
3) helps to illustrate these points and achieve a conservative
design.

The stabil i ty concerns in usirlg h igh exponent
propellants will be addressed subsequently. It turns out that
fluid control has a strong stabilizing effect. Again, there are
different nuances on this point with the aft-injection concept.

Stability. .wjth.ti ig h_ Ex4JJn_ent_  Prmp.e.!!.?nts

l-aking  the liquid injection flow rate as proportional to
the square root of injector pressure drcjp, differentiating Eq.
(1) with respect to burn area (a variable of concern because
of possible abnormalities as well as ncwnal burn patterns),
and normalizing with respect to the mean pressure, the static
stability of the motor can be expressed as:

d(lnP)/d(InAJ = 1 /[l-n+ F/S(PJP-l /2)/( PJP-l )1 = 1 /(1-n J
(5)

Note that, with F/S =’ O, the ec{uation reduces to the
familiar form for solid rocket motors whence a high exponent
is destabilizing and n = 1 is impermissible. A disturbance to
the burn area would result in a runaway Iwessure.  However,
with F/S > 0, the stability improves. The result is shown
graphically in Fig. 5.

1 he dcmominator  of Eq. (5) can be expressed in terms
of an “effective exponent”, combining its last 2 terms to
show a decrement to n. Fig. 5 shows this effective exponent
plotted vs. F/S, for a propellant with n = 1, and with the
injector pressure ratio as a parameter. The limit of infinity
corresponds to an infinite feed pressure or constant fluid
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injection rate, It is observed that with F/S = 0.4, and an
injector pressure ratio of 1.3 (the ratio must be adequate to
assure a stable and efficient feed), the effective exponent
becomes -0.07. Thus the motor is as if it contained a plateau
propellant, a very desirable property, With F/S = 0,5, it
becomes like a mesa propellant (exporwnt  is more negative),
which is a mclst desirable property.

Lockheed Propulsion developed and successfully
tested n =: 1 propellants with fluid control, 7’8 Not only was
the static stability demonstrated, but dynamic stability
improvements expectable from reductions in effective
exponent were also apparent, There has never been an
instance of acoustic combustion instability with fluid control,
even though most of the tests were with non-aluminized
propellants, In tests at very low pressures, to explore deep
throttling and extinguishment properties, instances of L*
instability showed that fluid control stabilized this dynamic
characteristic, g’ 10 With increased F/S ratio, the L’ stability
boundary was shifted to lower values of L“ and pressure.
Thus the successful use of high exponent propellants with
fluid control has been well demonstrated,

O n e  c)ther d y n a m i c characteristic that merits
discussion is the stability of the fluid feed system. This can
be expressed in terms of a minimum injector pressure drop
required, It is affected by pressure exponent because
disturbances in the feed can couple with the dynamics of
propellant burn rata through the fluctuations in chamber
pressure. The feed system stability can be derived from the
response of chamber pressure to a fluctuation in the injector
pressure drop, A perturbation analysis yields the following
expression:

6P =

6( PF-P)

exp ( -Stp)-.. ——— ——— —.. ——— ———. ..— . .= _ ..__ ___

(2(%:)(-$31  ‘“ “A) ‘ + “c - 3-?X:+ES1 )
(6)

where the various ~are  characteristic (relaxation) times of the
c o m p o n e n t s  ( s e e  N o m e n c l a t u r e )  ancl s is the Laplace
transform variable. For a sine wave disturbance, s = iw
would be used to evaluate the stability,



A sufficient condition for stability is that the steady-
state response be equal to or less than the input disturbance.
This is conservative, because a phase lag between the
response and the disturbance would allow a gain greater than
unity. However, it simplifies the analysis by eliminating the
components (nothing is being designed at present, anyway)
and the complex variables. The steady-state response is
obtained with s = C), whence the stability criterion becomes:

AP/P 2 F/S/[ 2(1 + F/S - n)] (7)

Eq. (7) is shown plotted in Fig. 6. It is observed that
the required injector pressure drop increases with exponent
and with fluid/solicl ratio. For n == 1, the pressure drop
should be half of the chamber pressure regardless of
fluid/solid ratio. However, experience with fluid-controlled
motors has shown that a smaller pressure drop can be
tolerated without instability, confirming that Fig. 6 is
conservative, The essential points are that there need be no
concern about using high exponent propellants for fluid-
controlled mc)tors,  and that feed system stability should be
addressed by analysis and testing in the course of developing
a design.

l“hrottlir]g_and Propellant Utj!&@ti.OU

Dividing Eq. (2) by Eq. (3) yields an expression for
fluid/solid ratio excursions that would clccur by reducing fluid
injection rate to reduce pressure:

(F/S + 1 )/[(F/S)O + 11 = (Kti/K.)(cO ‘/c* )( P/PO) l-n
(8)

For n := 1 and constant Kn (neutral  grain design), it is
readily apparent that fluid/solid ratio becomes independent of
pressure, so there is no utilization problem in throttling. This
is another advantage of higher exponent, and is illustrated in
Fig, 7. The pressure variation corresponds to that of the
SRM solid booster. For n = 0.6, there is a large excursion in
fluid/solid ratio over this pressure range.

In realilty, grain designs are not perfectly neutral even
when intended to be neutral, and non-neutral geometries may
be desirable for certain purposes, Fig. 8 shows the effect of
a 15°A reduction in K. from the nominal design point,
computed from Eq. (8) and using Fig. 2. A large increase in
F/S is required to restore the initial pressure (obtained by

throttling up), and with n = 1 the effect of the K. change is
to imbalance the utilization (from the nominal F/S = 0.5)
regardless of the pressure. With lower exponents, the F/S
excursions with pressure move towarcl  restoring the balance
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in the course of the firing, l-bus the realities of grain design
and system variances temper the ideality  of n = 1.

The SRM solid booster achieves its “throttling” by
grain design, which produces about a 40?40 reduction in K..
A more modest regressivity  combined with an exponent
slightly less than 1 could achieve the same degree of
throttling with a cc)nstant  fluid/solid ratio. Fig. 9 shows a
program of a pressure schedule vs. the K. schedule of the
grain design to achieve a constant F/S = 0.5 with n = 0.8,
Only a 15% reduction in K. is required, the rest of the
throttling being accomplished by the liquid flow schedule. If
there were no variances, this program would set the liquid
flow schedule. The thrust profile requirement would set the
functions of time (and thus the specific grain design),

The major source of motor-to-motor variance is the
nominal propellant burn rate, due to batch variations and
propellant temperature. This could be accommodated by a
system of oln-board sensors coupled with softwear that
would rationalize a ballistic deviation and adjust the liquid
flow schedule to maintain the constant F/S. The greater the
departure from a neutral grain ancl/or the greater the
expected variance, the more desirable it is to have n < 1 to
keep a constant F/S while accommodating these changes.
On the other hand, the smaller these changes, the closer the
ideal of n = 1 can be approached. The effect of
accommodating the variance would be a motor-to-motor
variance in the thrust profile similar to conventional solid
motors. The desirability of using fluid control to maintain an
exact thrust profile (or exact ascent requirement) vs. full
propellant utilization (a constant F/S) would be a matter for
trade-off study in an application.

Thrust Termination Transients

Assumling instantaneous cut-off of the liquid injection
(injector face shutoff), a closed form solution for the pressure
decay in the motor can be derived from the following mass
balance differential equation:

(V/RT)dP/dt = p,A~aPn - gPAt/c  * (9)

which becomles,  after normalizing by the initial pressure:

d(P/PO)/d(t/~C) =  (P/PO)n/[l + (F/S)O] -  P /PO

(lo)

For the special case of n = 1, integration yields:

P/P. =  exp[-(F/S)O/[l  +  (F/S)O] o t/~C] (11)
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and for n < ‘1:

P/PO =’ {[1 + (F/S)O exp (-[1 -nit/7C)l/[1 +- (F/S) ol}’’(’-”l
(12)

Results with pressure exponent as a parameter are
shown in Fig. 10 (fc)r  F/S = 0.5), and with fluid/solid ratio as
a parameter in Fig. 11 (for n = 1 ). The analysis is inexact
because low pressure combustion and gas temperature
variations are not accounted for. ~“hose details would

accelerate the pressure decays. The pc)int  is to show relative
benefits of higher exponent and higher F/S ratio in promoting
faster pressure decays. With higher exponent, burn rate falls
more rapidly with the decreasing pressure. With higher F/S,
a larger percentage of the total mass input is shut off;
actually, it is better than illustrated beceuse  the value of ~C
decreases with increasing F/S (motor L“ decreases with
increasing F/S), so on a dimensional time basis the curves
would be further apart.

Analysis of Aft-lniection concepl

Principle of Operation

The basic principle is the same as with forward-
injection, but there are differences in detail because of the
separate combustion chambers. The orifice that controls the
pressure in the thrust chamber (the nozzle throat) is no longer
the same as that which controls the pressure in the solid
motor (the hot gas valve), The solid gas generator motor has
to operate at a higher pressure than that required for thrust
from the liquid engine-type thrust chamt]er.

The analogy to Fig. 3 for the aft-injection concept is
shown in Fig. 12, which reflects the differences. The
abscissa is now the gas generator pressure, not the thrust-
producing chamber pressure. It is assumed that the gas
generator has to operate at a nominally 25°A higher pressure
than the thrust  chamber for a stable and efficient feed of the
gases through whatever ducting  to the bipropellant injector.
This is reflected on Fig. 12 by positioning the gas generator
pressure at a 25°A higher value than on Fig 3. Gas generator
mass influx lines are shown for 2 values of pressure
exponent; n == 1 is not shown becauso  of the possibility that
the gas generator could become isolated from the fluid
control (the gas generator is nominally unchoked, so there is
a coupling, but prudence would avoid n = 1 in this case).

. .

-.

Since the abscissa is gas generator pressure, and the
rocket nozzle contrcds  chamber pressure, mass efflux through
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the nozzle shown on Fig. 12 will vary with the pressure ratio.
Two mass efflux  lines are shown. One corresponds to the
nominal design point, with F/S = 0.5 and a pressure ratio of
1,25. Note that, with no change in valve position, the gas
generator would sustain a low pressure by itself upon liquid
shut off if n = 0.6. The second mass efflux  line corresponds
to opening the gas valve to equalize the two chamber
pressures. By opening the valve it is possible to clear the
mass influx line for n = 0.6 and achieve the desired
repressurization upon liquid shut off. This condition is more
easily met with n = 0.8. Of course, the nozzle throat places
a limit on how much the gas generator can be depressurized
by opening the valve. This limit could be circumvented by
providing additional overboard dumping capability to the gas
generator.

Mathematically, ballistic solutions are obtained by
coupling the mass balance equations for the two chambers.
Using the conventional burn rate law, the unchoked gas
generator pressure is given by:

(13)

and the thruster chamber pressure is given by:

m ,  +- p,A~aP~n = gPCAt/c” (14)

Using the unchoked boundary condition, equation of
state and isentropic  law for the gas generator gas, the
simultaneous equations become:

ParOKnG(pG/pGO)nO~  = PC[(PG/PC)Z@I}f Y.(pG/PC)tY-1)171/Z
(15)

PC = ( 1 + F/S) (P6/P~O)nP,roK”C * /9 (16)

Eq, (16) shows that Fig. 4 also applies to the aft-
injection concept for the thrust chamber pressure at the
nominal design point, After selecting F/S, which determines
K. for that pressure, the selected pressure ratio then
determines the valve control area from Eq. (15). The ability
to repressurize the gas generator to ambient by opening the
valve with F/S = O can then be assessed from these
equations. Changes in the pressure exponent and
thermochemistry of the gas generator propellant at low
pressures should be accounted for in this analysis (as with
Eq. (6) or the graphical procedure for forward-injection).



Throttling and Propellant Utilization

If throttling were accomplished merely by reducing the
liquid flow rate to the thrust chamber, doing nothing with the
gas generator control valve, results are shown in Fig. 13 (for
two values c)f n). The gas generator pressure would fall
(solid lines), and the fluid/solid ratio would shift to lower
values (dashed lines), The higher exponent produces a
smaller excursion in F/S because it enables the gas generator
pressure to fall a greater amount, to be more in keeping with
the reduced liquid flow.

Eqs. (’15) and (16) can be combined to show a control
valve schedule that maintains a constant fluid/solid ratio in
throttling, The combination yields:

[(&/&)( 9%/C*)/(1 + F/S)12 = (pG/pc)2{p’’’(PGPPc)( p()1~l~
(17)

Eq. (1 “7) is shown plotted in Fig. 14 for three values of
F/S held constant. As chamber pressure falls due to the
reduced liquid flow, the valve is adjusted to maintain the
pressure ratio required to hold the constant value of F/S.
With a neutral grain, this requires opening the valve, moving
to the left on Fig. 14, dropping the pressure ratio. The gas
generator pressure is able to fall a greater amount than was
the case in Fig. 13.

An example of this full-utilization throttling is given in
Fig, 15, The F/S is being held constant at 0.5 with a neutral
grain design, Shown plotted are the changes in gas
generator pressure (solid lines) and control valve area (dotted)
curves). At several points, the pressure ratios then existing
are indicated, The low values of pressure ratio being
reached, especially with n = 0,6, are cause for concern.
Calculations were stopped where the pressure ratio reached
1,02 (also noted with an x), With n = 0.8, the throttling
schedule of thle SRM solid booster was barely met. It is likely
that the pressure ratio will be limited to higher values in a real
system.

An approach to maintain adequate pressure ratio is to
use a regressive grain design, analogous to the approach
discussed for forward-injection. Fig. 1 6  s h o w s  t w o
schedules of 1<. reductions associated with the SRM booster
throttling range,  one for each value of exponent. The criteria
determining these schedules were to have the same gas
generator pressure change with either exponent, and to
maintain the constant F/S by increasing the pressure ratio as
the pressure falls, but without choking the gas generator,
This is a reasonable course to follow to assure a stable and
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efficient feed of the gas generator gases during the constant
mixture ratio throttling.

Fig. 17 shows the gas generator pressure change and
valve movements associated with the throttling at constant
F/S = 0.5 with the regressive grains. Pressure ratios existing
at various places are also indicated. l“he valve movements
are tempered considerably compared with Fig. 15. With
n = 0.8, only a small vernier-type control is indicated. The
increased pressure ratios with decreasing pressure should
improve the delivery to the thrust chamber, ancl without
increasing mcltor weight because the gas generator pressure
continues to “fall.

Variance in nominal propellant burn rate presents the
same considerations for thrust profile and propellant
utilization variances as exist with the forward-injection
approach, l-he aft-injection concept provides additional
flexibility to accommodate the variance because both liquid
injection and gas generator flows can be adjusted. A system
of sensors working through ballistics softwear to the flow
controls would be envisioned.

Thrust Termination TransienE

Differential equations analogous to Eq. (9) can be
written for the gas generator and for the thrust chamber.
The pressure decay in each is computed numerically. While
the liquid flovv can be stopped rapidly, some care has to be
exercised in the speed with which the gas valve is opened
because a surge of gas into the thrust chamber could provide
a pressure spike.

Results of computations that could be compared to
the case of forward-injection (with F/S = 0.5 and n = 1 ) are
shown in Fig. 18 for two initial pressure ratios. Also for
comparison with forward-injection, the dimensionless time is
based on the characteristic time of the gas generator (the
characteristic time of the thrust chamber was assumed to be
smaller by a factor of 50). The pressure decays shown are
those in the thrust chamber. For this case, the valve was
assumed to be fully open in one characteristic time and a
linear opening function of time was used. The liquid was
assumed to be shut off instantaneously. It is observed that
the pressure starts to fall rapidly, reflecting the small
characteristic time of the thrust chamber. }{owever, the
opening of tho valve begins to produce a surge into the thrust
chamber. Tlhe spike that results is larger for the larger
pressure ratic~. Eventually, the decaying pressures in both
chambers prevail and the remainder of the transient is a
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smooth decay. By about 10 characteristic times, there is
little difference from the result with forward-injection.

The effect of using a longer valve opening time is
shown in Fig. 19. Both thrust chamber and gas generator
pressure decays are shown here, The higher pressure ratio
case is used because that produced the larger spike in Fig,
18. Whi le  a  spike  is  not  e l iminated,  i ts  magni tude and
brisance  are rcducecl.  By 10 characteristic times, the effect
of the longer valve c]pening  time is negligible.

An interesting approach that would eliminate the spike
and shorten the termination transient would be to incorporate
a state-of-the-art valve system to divert much of the gas
generator flow away from the thrust chamber and vent
overboard in a nulled fashion as part of the thrust termination
system. As noted earlier, this dump would also ensure
depressurizaticm to ambient pressure for combustion
extinguishment.

Eqs. (14) and (15) were perturbed with resPect  to
burn area numerically, and results were converted into
effective pressure exponents for comparison with forward-
injection. A baseline n = 1 was used to maintain
comparability, and a pressure ratio of 1.25 was assumed.
The analogous effective exponents, for comparison with Fig.
5, are shown in Fig. 20. It is seen that fluid injection is not
as stabilizing in the aft-injection concept. The reason is that
the solid is not as closely coupled to the fluid in this system.
However, it is likely that the pressure exponent for aft-
injection can be closer to 0.6 than 1.0, especially with the
controllability features discussed earlier, so that the effective
exponent would be about 0.4. That is comparable to the
exponent of the SRM solid propellant.

Feed system stability requires a more complicated
analysis with the aft-injection concept. The feed of both the
liquid oxygenl  and the gas generator gases, and two
combustion chambers, are involved in the coupling. Analyses
of this type for bipropellant  liquid engines had only one
combustion chamber to contend with.

The set -up for  a  s tab i l i ty  analys is  is  shown
schematically in Fig. 21. The closed-loop feedback systems
are illustrated in the form of a thrust chamber outer loop and
a gas generator inner loop. Starting at the lower right, a
disturbance in the input liquid flow is transformed (through
the thrust chamber transfer function) into a disturbance in the
nozzle outflow and fed back to the gas generator. The
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feedback is possible because the gas generator operates
unchoked.  As a result of the gas generator chamber transfer
“function, the disturbance is transforrneci  into a pressure
fluctuation which  is imparted to the propellant combustion
zone, The combustion responds to this, through its transfer
function (e.g,,, the combustion response function of
combustion instability theory), and feeds back a flow
disturbance to the gas generator chamber. That continues in
the inner loop, and the flow disturbance in the gas generator
chamber is feel back to the source of the input disturbance.
For the gas generator feed, the input disturbance would be
placed at the upper left.

It is recommended that this type of analysis be carried
out in the course of a development program, and used in
conjunction with testing. l-here  is concern that injector
pressure drops may be pushed too low in the interest of
weight savings, especially as regards the gas generator, and
system couplings may operate to increase pressurization
requirements.

Laboratory Slab Combu~o~:[e:t_s

Purpose

The purpose of these experiments was to integrate the
various component technologies in a laboratory-scale
demonstration of the fluid-controlled gas generator hybrid
concept, confirm that the propellant burns like a solid
propellant and not like a solid fuel under fluid control, and
o b s e r v e  othelr characteristics of this type of hybrid
combustion. Prior to doing so, the low pressure burn rates
and pressure deflagration  limit of the gas generator propellant
used, Aerojet formulation ANB-3302-4, were measured. It is
evident from Figs. 3 and 12 that is it very important to
thoroughly characterize the low pressure combustion of the
propellant.

Low-Pressure Combustion Cllaracter&al~{’&~&s.U!lS

The Aerojet gas generator propellant formulation
ANB-3302-4,  Table 1, was processed at the Jet Propulsion
Laboratory.



.

Table I ANB-3302-4 Formulation

_.. __. _.__. ——— —.. _._. ____. —... -.

Component YYei9!11-%

Ammonium Perchlorate 61.5
Ammonium Sulfate 16.0
Catalyst 0,5
Hydroxyl-Terminated

Polybutadiene  (HTPB) ~~~
100,0?40

1.4 DoD hazard classification
_——_—. —__. _— . .._. .——. .——-. —. —-...

Attempts were made to sustain combustion of
propellant samples in the open atmosphere. Larger size
samples, 1.3 x 1.3 cm (0.5 x 0.5 in. ) and 1.3 x 2.54 cm.
(0.5 x 1.0 in.],  than normal were used, tc) reduce heat losses
from the combustion zone. 10 Burn rate measurements were
made in a Crawford strand burner using 6.4 mm (0.25 in. )
diameter propellant strands.

It was not possible to sustain combustion of the
propellant at atmospheric pressure. I“he best that could be
achieved was a forced ignition and part-way combustion in
the open atmosphere; the sample was ignited with a hot wire
and pyrotechnic paste, after which the flame proceeded to
shrink and extinguish. In the Crawford bomb the strand self-
extinguished immediately following ignition.

Progressive improvements in the combustion in the
strand burner were observed with increasing pressure. At
1.4 atm. (20 psia) the strand burned a short distance and
extinguished before reaching the start timing wire. At 1.8
atm, the strand burned a longer distance, but extinguished
before reaching the stop wire. The first reliable burn rate
measurement was achieved at 2.0 atm. (30 psia).  On this
basis, the deflagration limit was estimated to be 1.9 atm. (28
psia).

Burn rate results are shown in Fig. 22. The drop in
burn rate in approaching the defiagration  limit is a desirable
characteristic, appearing as a very high pressure exponent.
At  h igher  pressures  the  exponent  is  about  0 .6 .  A
development goal might be to increase this exponent value
slightly for the aft-injection concept, and more so for
forward-injection.
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Description of S!.ab Combustor_.A.ppam!.us

The fluid-control tests were performed using an
existing hybrid slab window motor systenl,ll’ 12 l-he motor is
shown schematically in Fig. 23. It consists of a (1 ) head-end
closure, (2) flow straightener/igniter section with (3) flow
straightening screens, (4) test section with quartz viewing
ports, (5) cylindrical aft combustor  section, (6) aft closure
with (7) graphite nozzle, (8) internal spacer to control burner
cross-sectional area, (9) fuel casting base plate, and (10) fuel
slab. Ignition of the fuel slab is attained by injecting methane
into the oxygen flow in the flow straightener/igniter section
and igniting the mixture with dual spark plugs,

For these  experiments the fuel slab was replaced with
a slab of the gas generator propellant - 6.73 cm (2.65 in. )
wide, 20.3 crn (8 in. ) long, and 1.27 cm (0.5 in. ) thick. The
sides were restricted with Halocarbon  25-5S chlorofluoro-
carbon grease. Gaseous oxygen was injected into the slab
combustor  either through the head-end port, in the normal
fashion, or radially into the aft-combustor  section through
three sonic orifices spaced around its circumference. There
was no attempt to devise a dual chamber apparatus to
simulate the actual aft-injection concept. Termination of the
slab combustor  tests was achieved by terminating the
oxygen flow.

Slab Combustor  Test  Resu!ls

Design Precision

The tests were conducted at ambient atmospheric
back pressure, Each was terminated after a total burn time
of approximately 2 sec., so as not to completely consume the
gas generator propellant slab. A noteworthy aspect of the
tests turned out to be the precision of their design. Tests
were carried out at two design mean pressures, 1.03 MPa
(150 psia) and 1.38 MPa (200 psia), and all tests were
designed to operate at a fluid/solid ratio of 0.5. Based on
integrated oxygen flow rate and slab weight measurements,
they operatecl  over the range 0.47 - 0.50. l-he forward-
injection test designed for 1,03 MPa pressure exhibited a
mean pressure of 0.92 MPa. Forward- and aft-injection tests
designed for 1.38 MPa exhibited mean pressures of 1.18 and
1 i 19 MPa, respectively (no difference between head-end and
aft-end oxygen injection results at the same injection rate).
A slightly lower oxygen flow rate compensated for the
slightly decrei~sed propellant burn rate (due to the less-than-
planned pressure) to maintain the fIuid/solid  ratio near the
planned 0,5 value.
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Extinguishment and C.o.rnbustiorl E~ficiengy

Each propellant slab extinguished successfully upon
termination of the c]xygen  flow. There was no measurable
nozzle throat erosion in any test, Approximate c*
combustion efficiencies in the 80s were deduced from the
test results, alt this small scale and low pressures and burn
times, with exposeci metal walls and with the simplest kind
of injection.

Propellant mean burn rates determined from pre- and
post-test measurement of the combustor  slab thickness are
shown on the burning rate-pressure plot in Fig. 22, It is
observed that the slabs under fluid control burned at the

same rates as the strands in the strand burner. This agrees
with previous results with other types of solid propellants.7’a

Stability

Pressure traces for the tests designed for 1.38 MPa
pressure are shown in Figs. 24 and 25. Fig, 24 displays the
result with head-end injection, Fig. 25 with aft-end. There
are two interesting differences in the features of these
traces. With head-end injection the trace is regressive in
character and shows the same type of irregularity seen in
pure hybrid firings with this motor, With aft-injection the
trace takes on, a progressive character and is smooth.

The differences in trace shape are believed to be
attributable to a combination of three factors: ( 1 ) more rapid
motor filling (pressure build-up) following ignition of the fuel-
rich gas generator combustion products-oxygen mixture for
the forward-injection configuration, (2) greater effectiveness
of the slab restricted grease coating for the lower slab-burner
gas temperatures and flow rates with the aft-injection
configuration (burning on the sides of the slab produces a
regress ive  K~-time profile), and (3) time differences in
combustion efficiency with this geometric arrangement, As
the propellant slab burns for the latter factor, the rectangular
port width increases, This is detrimental to efficiency with
a simple head-end injection orifice because the mixing in the
port becomes less confined. On the other hand, it is
beneficial to the aft-injection arrangement (injection radially
from side walls into an aft free volume) because the flow of
gas generator gases into the aft free volume becomes less
centrally directed towards the nozzle and less rapid.

.



The cliff erence  in roughness for the two oxygen
injection configurations is significant I)ecause it shows that
the combustion irregularity is not due to the oxygen feed, or
turbulence induced by the step at the aft end of the slabs, or
the combustion of the’mixture  in the aft-combustor  volume.
l-he remaining, actual mechanism for the irregularity observed
in the forward-injection test results is speculated to be some
type of flow-combustion turbulence interaction along the
surface of the propellant slab. However, this interaction does
not operate to change the mean burning rate of the
propellant,

@elusions—. ———. -.. . . .

A hybrid system based upon fluid-controlled solid gas
generators is an attractive propulsion alternative. It is verified
that the solid gas generator propellant burns like a solid
propellant under fluid control, and that it reliably extinguishes
at atmospheric pressure. With solid propellant-like ballistic
and density properties, a high propellant weight loading is
possible.

Two versions of the concept were evaluated: a
conventional head-end injection of liquid oxidizer into the
solid gas generator motor; and an aft-injection concept
whereby prociucts of the gas generator are injected together
with the liquid oxidizer into a liquid rocket engine type of
thrust chamber.

Advantages o f  forward-injecticm are simplicity,
stability, and weight savings. A proper design can minimize
mixture ratio excursions in throttling and effects of burn rate
variances on either the thrust profile clr mixturo  ratio.

Advantages of the aft-end injection concept are a low
temperature solid gas generator motor, and a more precise
controllability. It has a greater flexit)ility  to throttle at
constant mixture ratio and compensate fclr variances, and the
potential for (a more rapid thrust termination. Attention will
have to be given to adequate pressure ratios in the feed
systems in thle course of a system development.

The slab combustor  tests ,  taken together  wi th
literature data for subscale  test motors, indicate that there
should be no problem with combustion efficiency with either
version in full-scale boosters incorporating efficient injector
designs.



Gas generator propellant development to date has
been only for l.he aft-injection version. Some propellant work
would be needed to increase pressure exponent to more
desirable levels for the forward-injection version.
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